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CP Violation in the Neutrino Sector
Stephen Parke — FermilLab

o “UH! — e What CP violation?

o Why?

e Summary of Nu Osc Data
Vv, — Vg

e 015 + ...

o Experiments:

e Summary and Conclusions:

Colima, Mexico

Mexican DPF, Colima
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Leptonic CP and T Violation in Oscillations

CP
V), < Ve — Uy, < U Super-Beams
T ) ) T
Ve <> Uy = Ve < Uy, Nu-Factory
CP

CP Violation in Neutrino Oscillations

s related to Leptogenesis
and hence Baryogenesis.
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Neutrino Mixing Matrix:

Like the Quark Sector:

The Neutrino Mass Eigenstates, |v;), are a Mixture of Flavor States, |v,):
’Voz> — Uozi‘Vi>- (using s;; = sin#;; and ¢;; = cos ;)
1 C13 s13€” " Clo 519
Ui = C23  S23 1 —S12 (12
5
—S23 €13 —513€" €13 1

Atmos. L/Eyu— 7  Atmos. L/Eu<«<e  Solar L/Ee — pu, 7

C13C12 C13512 s13e” "
_ 5 5
= —C23512 — $13523C12€" C23C12 — S13523512€" C13523
5 5
$235812 — S13C23C12€" —8923C12 — $13C23512€"°  C13C23
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Neutrino Mixing Matrix:

Like the Quark Sector:

The Neutrino Mass Eigenstates, |v;), are a Mixture of Flavor States, |v,):
’Voz> — Uozi‘Vi>- (using s;; = sin#;; and ¢;; = cos ;)
1 C13 s13€” " Clo 519
Ui = C23  S23 1 —S12 (12
5
—S23 €13 —513€" €13 1

Atmos. L/Eyu— 7  Atmos. L/Eu<«<e  Solar L/Ee — pu, 7

C13C12 C13512 s13€” %
— —C23512 — 813823612€i5 C23C12 — 8138238126i5 C13523
§23512 — 8130236126i5 —S823C12 — 813623='312€i‘s C13C23
For Majorana Nu's
1 Phases ava, «3 are unobservable in oscillation
U — U e'2 phenomena, (UowlUEz')-
e'”3 Important in neutrinoless double beta decay.
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CP Violation and Leptogenesis

e For most Neutrino Mass Models there is a relationship between
the Dirac CP phase 0 and Majorana CP phases oo, as.

e At a minimum they are all zero or all non-zero.

e oy, (3 are responsible for Leptogenesis in the early universe by
allowing for different decay rates of Neutral Heavy Leptons:

N —=1T¢  and N — [~ ¢™*

e B=%(B—L)+3(B+ L), however (B + L) violated.

e Hence the Dirac CP violating phase, 9, is a handle on
Leptogenesis and hence Baryogenesis.
Fukugita and Yanagida, Phys. Lett. B174, 45 (1986)

Frampton, Glashow and Yanagida — hep-ph/0208157
Endoh, Kaneko, Kang, Morozumi — hep-ph /0209098
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Leptonic CP and T Violation in Oscillations

CP

V) < Ve <
T 7
Ve <> V), <

CP

atm sol
A, e + a e

P, . = 2

CP Violation comes from the Difference

: atm sol
in the Interference of a},”", amd a;”,,

for neutrinos verses anti-neutrinos.

CAN BE LARGE!!!.

Important parameters are 613 and 9.
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Mixings and Masses Overview:

(12)-Sector: SNO, KamLAND, SK

dm3, = +7.1+£2.0 x 1075 eV?
0.23 < sin? 65 < 0.35

sin? 015 > % excluded at > 5 ¢!

Sign of dm3, determined at this C.L.

Due to matter effects

the 8B solar neutrinos exit the sun as vs.

Thus SNO's ff—g — sin? 0

Consistency between SNO and

KamLAND will be an important test of

Neutrino Oscillations and Matter
Effects.
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Mixings and Masses Overview:

(12)-Sector: SNO, KamLAND, SK

dm3, = +7.1+£2.0 x 1075 eV?
0.23 < sin? 65 < 0.35

sin? 015 > % excluded at > 5 ¢!
Sign of dm3, determined at this C.L.

(23)-Sector: SK, K2K
|0m3,| = 1.5 — 3.5 x 1073 eV?

0.35 < sin® fy3 < 0.65

(obtained from sin? 2653 > 0.91)

Magnitude of dm2, and sin® 6,3 both
poorly known!

Sign of dm3, Unknown !!!
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sin®  sin®
13 23

sin ®
12

TR

<—Atmospheric—>

1

NORMAL

Hec

3 T

S

. 2
sin B

Solar |

} Solar sInZBU

12
R,

TR 1

.2
sinB,;

) 3

@

INVERTED

[ e

= MINOS lémgg\ 0
also tests -Oscillations.




Mixings and Masses Overview:

(12) Parameters: SNO, KamLAND, SK
sin®  sin® sin'®
dm3; = +7.1£2.0 x 107° eV? T ? Solay | M———
0.23 < sin? 05 < 0.35
sin? 015 > % excluded at > 5 ¢! *f” sin’®,
v B— olar  sinB; sin®,

sign of dm3, determined at this C.L. . = 3

8B solar neutrinos exit the sun as vs. NORMAL PVRRTED
He Z Nt
: .92
Thus SNO'’s f,—g — sin“ 619
23) Parameters: SK, K2K
(23) (13) Parameters: Chooz, SK, K2K
|0m3,| = 1.5 — 3.5 x 1073 eV? o
sin“ 013 < 0.03 — 0.05
. 2 .
0.35 < sin” fa3 < 0.65 limit [dm3,| dependent
(obtained from sin? 2653 > 0.91)

M ud £ 5m2 d'2(9 both 0§5(jp<271‘

agnitude or 0m3s, and sin” a3 bot Unknown!

poorly known! & MINOS |dm3,| &
Sign of dm3, Unknown !!!
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Oscillation Primer: 2 flavors

amplitude for v, — v, = Up, U. e E1t 1 U, U e P2t

2
m mjL

Ej:\/pQ—l—m?%p: 5 T Bt~ pt 5F

SN

=

o cosf sinb
For 2 components: * 7 \ —sinf cosd

Om2L
41F

P, .. = sin” 20 sin”

Oscillation Length, L = =% m, where dm? = m? — m;.
m j i

What happensas h — 0 777
Does Osc. Length go to ZERO or INFINITY 777
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Oscillation Primer: 2 flavors

amplitude for Vy — Ve = Z Ueje—zE jt/h
Ejz\/p2+m§wp;g§|... %%%t | 7;5;
For 2 components:

Byse = = sin” 26 sin” 5Z;L2EL (= sin® 20 sin” 1.275m2L )
Oscillation Length, L = ?ZE ™, where om? = m7 —m;.

What happensas h — 0 777
Osc. Length goes to ZERO !

L — 0 same as if dm* — LARGE!! (- quarks -)

Nu Oscillations are a Macroscopic
Quantum Phenomena.
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Oscillation Primer: 2 flavors

amplitude for v, — v, = Zj U Uej@—iEjt/h

2 4 2 4L
o 2.2 2 4 ~ M Ejt _opet | TC
EJ—\/pC+ij ~ PCT 50 ™ h T 2neE
For 2 components:
2 . 2 0m2cL 2 .2 om2L
P, _.. = sin” 20 sin” “ =% (= sin” 20 sin” 1.27%= )
Oscillation Length, L = 2L = where dm? = m?2 — m?2.
2.4
Im=c J l

Now
fic =197 MeV fm = 0.197 (ev?/GeV)km
1 R
o197 — 1.2669--- !
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3 flavor — v, — v,

.9 2
L * _—im5L/2FE
P = | 32, Usy Uje ™™ | *
Elimate U Uc1

using unitarity of U.
Use A;; = 5m?jL/4E = 1.275m?jL/E

: - . 2

P, e = 2U;3U€3 sin Agpe "As2 4 2U 19Uz s1n AT |
Square of Atmospheric+Solar amplitude:
U/lngeg = 8238130136:Fi5 for v and v:

* ~ :
Approx. UM2U62 ~ (C23C13512C12 + 0(813).
. » . 2
Pe ™ | 2593513C13 510 Age~HA32%0) | 9co0c 5519019510 Agy ’

Interference term different for v and v: CP violation !l
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. . , 2
P, e = | 2593513C135in Agje i((Ag2k0) 4 2C23C13512C12 SIN N oq ‘

At the first atmospheric
oscillation maximum, Asy =
the Neutrino-AntiNeutrino

s
2 !

Asymmetry is maximum when

|aatm‘ — ‘asol|

SiIl2 2(913 ~

Sin22912 ™ 5m%1
tan? Oo3 | 2 5m§1

;

[P—P|/[P+P|

0.8

0.8

0.4

0.2

At the second oscillation maximum, Ass
Asymmetry occurs when sin® 2615 is 9 times larger. BNL — 777,

sparkE — 18 Nov 2003

0 Neutrino—AntiNeutrino Asymmetry

b}r P olar

T Illrllll. T

g
cD_ |
5
" -7 LA
K s ~ -
— :/ < : g_
i /'d/: ~ 2
i }
_:'E dmZ, = 7.0 x 107° ev® ~ :
L 7 6m?, = 2.5 x 107 eV? T~
[ I:I IIII| | 1 IIIIII| | 1 IIIIII|: 1 |
10~3 1072 10~1
311122813
3T

%, the peak in the
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Expanding and using J.=J/sind = 8120128236238136%32
P e m 4533525¢258in% Agy + 4c25025575¢2, sin” Aoy
+8J, sin Aoq sin Aszq cos Aso cosd
:FSJT sin Agl sin Agl sin Agg sin 0

The last term is the CP violating part of the interference.

o $Bu>= 23 GeV_ 1= 820.km

. -f

Bi-Probability Plots: =] vac _
Minakata and Nunokawa < b ‘o ]
hep-ph /0108085 v S
i 5 an/z

: sin®20,3 = 0.05 i

N A P ‘

1 L I L 1 L
a 1 2 3 4
<P(v, —> vg)> %
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Matter Effects:
{6m?sin 20} is invariant

sin Ag; = (Ag?:?:l L) sin(Asy; F al) )
an

sin Aot = (52257 ) sin(Aa F o) o =GpN,/V2

= (4000 km)~*

sin Azo = sin Aszs

Matter effects are IMPORTANT when sin(A Fal) # (A Fal).

o SB2= 2.3 GeV 1= 820.km <Fuz= 28 GgV 1= 820 4
I i 10,0 0.16%
i ém3; < 0 ] - ;
w sl 32 b e - sin® 28,,= 0.05 N
A [ ] A I -
EN. i K 0.016
AN B T Al 1.0 — —
AP — | = 0.005 % E
3 I + 0 1 . .
[ A B |
a—: B 5 ® n/2 E § . I
% - o o m v i
1— —
i * /2 511’132 >0 7 01 —
- sin®20,3 = 0.05 -
D 1 1 | I 1 1 1 1 I | I | LLL IIII| 1 1 il
0 1 2 3 4 0.1 1.0 10.0
<P(v, —> ve)> % <P(v, —> ve)> %

Matter Effects important for NuMI-OFF-Axis ( 800 km), less so for JParc (295 km)
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Proposed Experiments:

JHF — Super-Kamiokande

295 km baseline

Super-Kamiokande: A
22.5 kton fiducial - 23 -
Excellent efu ID cal e

. i
Additional /e ID SuverKamiokands 295Kk ARl

Hyper-Kamiokande S T
T o)

e B b
20« fiducial mass of A .
Superk B T R

‘c’@m ) U i )
| on

Matter effects small

Study using fully
simulated and
reconstructed data

The NUMI Beamline

Fermilab 10 km
730 km

sparkE — 18 Nov 2003

Two functionally identical
neutfrino detectors

Soudan

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Sm?
Buom = 0.6 GeV { 72— |

L=700 - 1000 km and
Energy near 2 GeV
Eyom = 1.8 GeV {—SQOLkm}

2
% { 0m3o

2.5x1073 eV?2
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Off-Axis Neutrino Beams:

_ 043E;
B = end)

Off-Axis the beams are Narrow!
approx. gaussian with spread

15

20% < E, > e
% 10 20 80 40

GREAT !l ik

as the primary bckgrd to v, g

detection is 7V coming from ’ p

higher energy NC events. (v,
contamination in beam is small
0.5% and apprx known.)

BNL-proposal '94
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» On axis

'y
= 14 mrad off-axi

E., (GaV)
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Broad Beams - Spectral Shape Experiments:

See A. Mann talk:
Questions:

Backgrounds ? and Optimization of E and L?

sparkE — 18 Nov 2003

20



Limits

Chooz and SuperKamiokande:
Chooz was a v, dissappearance
experiment  using  Reactors.
Energies few MeV.

K2K.

MINOS:
Has some sensitivity to v, above
backgrounds.

Primary goal is to measure |dm2,|
to 10% — VERY IMPORTANT.
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4
10

Palo Verde

SK sin®2@,, (90% CL)

Chooz

Nh .
= i
2 Off-Axls Goal|| ~-..
o Lor) _— =
E \
= \
10 \ (//
CHOOZ 90 GL
\ \\\\
\%\
®  umos {‘ )
7.4, 16, 25 10* pot N
2 e
10 \\\\i:_‘rs::h
-4
10 L il M|
1n? w? 1w’ , 1
sin"(24,4)

1 1
0 0.1 02

| 1 1 1 | 1 1
0.3 04 05 06 07 08 0.9 |

sin"26

3 o Contours

1
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New Reactor Experiments:

“Super-Chooz:"

interest in Japan, Europe, Russia

and USA (CA & IL).

CHOOZ 90% CL
Exchided

Figure from J. Link, Columbia U.
Using two detectors with the far
detector being able to be moved
to along side the near detector for
relative calibration.

-2 ‘-1
1] L0 oL
sin2

Systematics Limited experiment. 7GW, 0 00,3y, and L0 e
Clean measurement of sin® 26,3 down to ~0.01.

Could be a “quick” and “cheap” experiment, but ...

sparkE — 18 Nov 2003
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913 Off-Axis: NuMI & JParc
P(v, — v.) depends on 613, sign of dm3,, CP phase § and 60a3.

3 6 Sensitivity to sin’(26, ;)

Lo L H
5 | L =820 km, 10 km off
= 09 | Amy2=2510"ev? !
= i
3]
o 08
—
u_ -
07 |
06 [
I JPARC Phase 1
05 [ °
04 [
03 | —  20x10% pot, Am®> D
' ——  20x10% pot, Am®< D
0.2 |
I A B S 100x10” pot, Am® > 0
o1 i & 100x10% pot, Am® < D
' i :' (Proton Driver)
0 F L
-3 -2
10 10

o 10
sin“(26,,)

Assumes Sil’l2 2923 =1 1e. 923 — 7T/4
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LBL has a Rich Physics Program:

o sign dm3y:
Normal or Inverted Hierarchies: i, <, o
® (913 and 52 j s
[ .
Typically more than one solution: R I
Factorization at Vac. Osc. Max. me fw w

O (923 <— (% — (923)2

Yy disappearance measures
SiIl2 2(923 — 1 — 62 then
. 1 1+
sin? g = | ;Fe) and cos2 oy = 26)

sin® 2053 = 0.96 = sin 0,3 = 0.4 or 0.6
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Degeneracy Tasting:

sign dm3,
At Vac. Osc. Max., Azy = 5 o SER/GeVL/km)- (0.63.208), (175,820
75_sin*29,3= (1,3,5,7,0,11) x 0.0 E
E' 5e E 20 % E spread .
P’mat: (1:|:2E_R) P’UCLC % "

where Ep ~ 12 GeV. A

n:i

Therefore, if NuMI and JParc both v

run Neutrinos at Vac. Osc. Max. 3
L (EN—E'J) 5123456;?‘3

PN — (1 :|: 2 ER PJ JParc <P(v, —> v,)> %

ie. Py~ (1.2 0r 0.8)P;
Separation degraded for EY > E, .

Minakata, Nunokawa and SP — hep-ph/0301210
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sign dm3, conti.

o(SE>/GeV.L/km)= (0.63,295), (1.75,820)
[ II|III|||III|I|III||II|III||II‘|eI|I| :

"~ sin®20,5 = (1,3,5.7.9,11) x 0.0;

— Eyom (772_4) AFE
Pmat—(lj:QER:F 2 ER)Pvac

f : 20 % E spread ]
For NuMI above Vac. Oscillation : o -
Maximum, E = E,,, + AE S _
S

: 0 : T
1_/IIIIIII _

0 1 2 3 4 5 6 7 8

where Fp ~ 12 GeV. JPare <P(ny —> v)> X

<EB3/GeVL/km)= (0.63.295). (23,820

ThIS eXtI’a faCtor ~Y 3 %—g degrades the 7§_sin226‘,3= (1,3,5,7,9,11) x 0.01

- 20 % E spread

separation of the center of the ellipses.

Also the ellipses become FAT, compare

NuMl <P(v, —> v.)> %

bottom to top figures.

[u] 1 2 3 4 5 6 7 8
JParc <P(v, —> v,)> %
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(913 and o

For a given Neutrino and
Anti-Nu Measurement:

There are two solutions
for 613 and 0.

At Vac. Osc. Max.
these factorize into a single

measurement of f¢3 but two
values of 4. [§ and 7 — ]

Fﬂ -2 F.e.»)> %

JHF <P(

Eﬂ -2 F.e.»)> %

JHF <P(

TTT |EI I=II | |$| |a.|1-1|clll I‘|8II(I3—’|e|\';I:II

F 6m? > 0

-

!

' //
//(( \ ///
s j/
/ —0.058

~70.050 = sin®26,5 1

JHF <P(v, —> v,)> %

Kajita, Minakata and Nunokawa — hep-ph/0112345
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923H(

2

T — o)

Oo3 = 7 is v, <> vy sym. pt.
sin® 2053 from dissapp. exp.

however even if sin’ 26053 = 0.96:
sin? o3 = 0.40 or 0.6

LBL at Vac. Osc. Max. with v
and  measurements
sin fo3sin @13 & cosfo3sinod.

Combined with a precision reactor

measurement of sin“f;3 can
determine sin® 6o3.
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P 6,809 6,60V

6 ||||||| |III \
C s
e o
A L
i C
[ 4
A C
| =
. C
i °F
[} C
v C
2
o "
o [
o i P
o2 - .
.02 =RZsin"0,35in"20 5
IIIIIIIII|IIIIIIIII-
3

4 5 6
JParc <P(v, —> v¢)> %

However determining cos o requires
running above Vac. Osc. Max. This

splits 0 from m — 9.
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Summary and Conclusion

. (913Z
Can be measured by Reactor Exp., Long Baseline Exp. and
eventually Nu Factories depending on its value.

o sign of dm3; or Normal/Inverted Hierarchy:
Two Long Baseline Exp,. one with significant matter effects,
both running neutrinos at Vac. Osc. Max.

e sino and CP violation: Leptogenesis
Long Baseline Exp.  running neutrinos and anti-neutrinos.
Asymmetry gets larger as 613 gets smaller until solar amplitude
dominates. For smaller values we need to enhance the
atmospheric amplitude by significant matter effects - Nu Factory.
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Summary and Conclusion (conti.)

o (9232
Breaking the 63 <~ 7 — 23 degeneracy.
Combination of Reactor and Long Baseline Exps.

e cosd (sign?)

LBL experiment running above Vac. Osc. Max.

If the size of 0,3 is in range of the LBL experiments,
sin” 26135 > 0.005, then three carefully choosen counting experiments
with sufficient accuracy can determine

(913, 50}), sign of 5771%37 923.

A Fabulous Opportunity in the Neutrino Osc. Sector!!!

Leaving the Questions of Majorana v Dirac?, Steriles? and
Absolute Mass Scale, Mj;e?
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